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SUMMARY 

Pre l iminary  cyc le  performance c a l c u l a t i o n s  were made f o r  three 
geared-fan tu rbofan  engines .  The three engines  p re sen ted  i n  t h i s  
s tudy  do n o t  r e p r e s e n t  a sys t ema t i c  v a r i a t i o n  o f  the engine para- 
meters and des ign  f e a t u r e s  because t h e y  a r e  t h e  r e s u l t  o f  some 
p re l imina ry  e x p l o r a t o r y  s t u d i e s .  However, t h e y  do i l l u s t r a t e  s e v e r a l  
methods f o r  a l l e v i a t i n g  high t u r b i n e  i n l e t  temperature  and compressor 
surge problems. 

I n  t h i s  s tudy ,  the bypass r a t i o  of 2.5,  f a n  p r e s s u r e  r a t i o  of  
1.3, o v e r a l l  compressor r a t i o  o f  6-0, and t u r b i n e  i n l e t  t empera ture  
o f  1300' F (704' C) were s e t  a t  the c r u i s e  design p o i n t  of 25  000 
f ee t  (7600 meters) and Mach 0.65. The n e t  t h r u s t  r e q u i r e d  was 400 
pounds (181 kg) a t  des ign  and a minimum of 1000 pounds (453 kg) a t  
s ea  l eve l  s t a t i c .  A maximum t u r b i n e - i n l e t  temperature  o f  1.500' F (817' C) 
was allowed a t  s e a  l eve l  s t a t i c .  

A s  power and r o t a t i o n a l  speed were reduced a t  c r u i s e ,  t u rb ine -  
i n l e t  t empera ture  decreased,  surge margin remained adequate,  and 
s p e c i f i c  f u e l  consumption inc reased .  These t r e n d s  a r e  t y p i c a l  of any 
normal tu rbo fan  engine when power is reduced.  Power r e d u c t i o n  a t  
cruise  was accomplished w i t h  t h e  i n l e t  and nozz le  a r e a s  h e l d  f i x e d  a t  
t he i r  des ign  va lues .  

Matching o f  the engine  components a t  the sea l e v e l  s t a t i c  condi- 
t i o n  r e s u l t e d  i n  some problems. With the i n l e t  and nozz le  a r e a s  h e l d  
a t  the i r  des ign  va lues ,  the  t u r b i n e - i n l e t  t empera tures  o f t e n  exceeded 
1500' F (817' C) and b o t h  t h e  o u t e r  and i n n e r  compressors tended t o  
ope ra t e  i n  o r  nea r  the surge r e g i o n  a t  f u l l  r a t e d  speed. A s  compressor 
speed was reduced, t h e  problems became worse. A s o l u t i o n  t o  the prob- 
l e m s  was found i n  each case .  The s o l u t i o n  c o n s i s t e d  of vary ing  the 
i n l e t  a r ea ,  pr imary nozz le  a r e a ,  secondary nozz le  a rea ,  o r  some 
combination of  these. 
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ENTRODUCTION 

There i s  c u r r e n t l y  some i n t e r e s t  i n  the  f e a s i b i l i t y  o f  low-cost, 
jet-powered p r i v a t e  a i r c r a f t .  T h i s  r e p o r t  cons ide r s  the of f -des ign  
thermodynamic performance of the geared tu rbofan  engine,  one p o s s i b l e  
type  o f  engine  f o r  t h i s  a p p l i c a t i o n .  

The geared  f a n  c o n f i g u r a t i o n  h a s  on ly  one main s h a f t .  This 
s h a f t  connects  the i n n e r  compressor t o  the t u r b i n e .  I n  a d d i t i o n ,  
there i s  a r educ t ion  gea r  between the i n n e r  and o u t e r  compressor (fan) 
which a l lows  the o u t e r  compressor t o  be d r iven  a t  one-half  the i n n e r  
compressor speed. This a s s u r e s  low t i p  speeds f o r  the o u t e r  compres- 
sor ,  which, i n  t u r n ,  h e l p s  keep n o i s e  t o  a minimum. 

The purpose of  t h i s  s t u d y  was t o  e s t i m a t e  the o f f -des ign  pe r fo r -  
mance of three geared tu rbofan  engines  a t  s ea  l eve l  s t a t i c  and c ru ise  
cond i t ions .  S e v e r a l  methods f o r  a l l e v i a t i n g  high t u r b i n e - i n l e t  
t empera tures  and compressor surge problems were eva lua ted .  These 
methods inc luded  the use of v a r i a b l e - a r e a  exhaus t  nozz les ,  compromising 
c r u i s e  performance by p rov id ing  the compressor des ign  p o i n t  w i t h  a 
l a r g e  su rge  margin, and the u s e  of  i n l e t  blockage t o  reduce the 
bypass r a t i o  and o u t e r  compressor work. 

A t  the  c o n d i t i o n s  s e l e c t e d  f o r  cruise ,  Mach 0.65 and 25  000 f ee t  
(7600 m), good s p e c i f i c  f u e l  consumption was obta ined  with a turbine-  
i n l e t  temperature  of  1300° F (704' C) ,  a bypass  r a t i o  o f  2 . 5 ,  a f a n  
p r e s s u r e  r a t i o  of  1.3,  and an o v e r a l l  compressor p r e s s u r e  r a t i o  of  6.0.  
I n  the p r e s e n t  s tudy ,  these values were h e l d  f i x e d  r e g a r d l e s s  of  the 
engine des ign  cons idered .  Also h e l d  f i x e d  was the des ign  th rus t  l e v e l  
of  400 pounds (181 kg), a t y p i c a l  value f o r  l i gh t  j e t  a i r c r a f t  a t  t h i s  
Mach number and a l t i t u d e .  

A t  s e a  l eve l  s t a t i c  cond i t ions ,  where a t akeof f  th rus t  of  1000 
pounds (453 kg) i s  cons idered  minimum f o r  t h i s  type  a i r c r a f t ,  it was 
assumed t h a t  the tu rb ine -  i n l e t  temperature  would be allowed t o  increase 
t o  1500' F (817O C ) ,  i f  necessa ry  i n  o rde r  t o  o b t a i n  t h i s  th rus t  level .  

METHOD OF ANALYSIS 

A l i m i t e d  performance s t u d y  was made for-  three tu rbofan  engines .  
The c a l c u l a t i o n s  were done by hand w i t h  the  a i d  af the engine pe r fo r -  
mance c h a r t s  of reference 1. 

Table  I summarizes a l l  the des ign  p o i n t  parameters .  S e v e r a l  para- 
meters were h e l d  cons t an t  a t  the i r  des ign  va lue  r e g a r d l e s s  of  of f -des ign  
o p e r a t i n g  cond i t ions .  These were the combustor p r e s s u r e  l o s s  of  6 
pe rcen t  and combustor e f f i c i e n c y  of  0.98, and the pr imary and secondary 
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nozz le  p r e s s u r e  loss  o f  2 pe rcen t  (unless  o therwise  noted) .  I n l e t  
p r e s s u r e  r ecove ry  was h e l d  c o n s t a n t  a t  1-0 only  a t  cruise a l t i t u d e  
and speed. 

A l l  the o t h e r  engine parameters  va r i ed .  I n l e t  p r e s s u r e  recovery  
a t  sea  level  s t a t i c  v a r i e d  a s  shown i n  f i g u r e  1. This schedule  i s  

recovery  of  0.95 a t  100 pe rcen t  of  des ign  c o r r e c t e d  a i r f l o w .  
s o r  o f f -des ign  e f f i c i e n c i e s ,  p r e s s u r e  r a t i o s ,  and t u r b i n e - i n l e t  
t empera tures  were determined from the matching procedures  of  
r e f e r e n c e  3 u s i n g  r e p r e s e n t a t i v e  compressor maps. Bypass r a t i o  was 
determined from the r a t i o  of secondary t o  pr imary a i r f l o w .  Because 
of the low t u r b i n e  p r e s s u r e  r a t i o s  encountered i n  t h i s  s tudy  and the 
two-stage t u r b i n e ,  the  u s u a l  s i m p l i f y i n g  assumptions of  choked t u r b i n e  
flow could no t  be made. In s t ead ,  the schedule  shown i n  f i g u r e  2 was 
used. T h i s  schedule  was t aken  from r e f e r e n c e  3.  Also, a t y p i c a l  
schedule  o f  t u r b i n e  e f f i c i e n c y  versus v e l o c i t y  r a t i o  was assumed. 
This schedule  i s  shown i n  f i gu re  3.  

,4 an e s t i m a t e  based on r e f e r e n c e  2 and an assumed i n l e t  p r e s s u r e  
Compres- 

* 

The r e q u i r e d  n e t  t h r u s t  a t  cruise was 400 pounds (181 kg).  A t  
sea  l e v e l  s t a t i c ,  a minimum of  PO00 pounds (453 kg) t h r u s t  was r e q u i r e d .  
If necessary ,  the t u r b i n e - i n l e t  temperature  was allowed t o  i n c r e a s e  
t o  a maximum of 1500O F (818O C) i n  o rde r  t o  achieve the 1000 pounds 
c453 kg) t h r u s t  a t  t a k e o f f .  These t h r u s t  l eve ls  a r e  t y p i c a l  f o r  a 
l i g h t  p lane .  

Engine Desc r ip t ion  

The three engines  examined were a l l  geared tu rbofans ,  b u t  t h e y  
d i f f e r e d  i n  des ign  a s  s chemat i ca l ly  i l l u s t r a t e d  i n  figure 4. 

I n  engines  A and B, f i g u r e  &(a) ,  there  is a s p l i t t e r  from the 
i n l e t  l i p  t o  the i n n e r  compressor f a c e .  T h i s  s p l i t t e r  p h y s i c a l l y  
d i v i d e s  the a i r f l o w  a t  t h e  i n l e t  l i p .  Therefore, the bypass  r a t i o  i s  
f i x e d  a s  soon a s  the a i r  e n t e r s  the two separ .a te  s e c t i o n s  of the i n l e t .  
Another f e a t u r e  of  these two engines  i s  the des ign  of  the pr imary 
p o r t i o n  of  the o u t e r  compressor. This compressor i s  designed n o t  t o  
g ive  'a p r e s s u r e  r i s e  t o  the pr imary a i r f l o w  as it passes  through. 
This a l lows  the i n n e r  compressor f a c e  t o  have the same c o n d i t i o n s  a s  
t h e  o u t e r  compressor f a c e .  T h i s  assumption was f o r  computat ional  
convenience. These two engines  use a r e d u c t i o n  gea r  t o  d r i v e  the 
o u t e r  compressor a t  one-half  the  speed o f  the i n n e r  compressor. The 
two-stage t u r b i n e  i s  on a common s h a f t  w i t h  the i n n e r  compressor. 
These engines  have v a r i a b l e  pr imary and secondary nozz le  c a p a b i l i t i e s .  

Engine C s h a r e s  the same gea r ing  concept  a long  w i t h  the two-stage 
t u r b i n e  and v a r i a b l e  nozz le  c a p a b i l i t i e s .  B u t  the  s p l i t t e r  h a s  been 
shor tened  t o  a more conven t iona l  l eng th .  T h i s  a l l ows  the a i r f l o w  s p l i t  
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and bypass r a t i o  t o  be determined a t  s t a t i o n  2 i n s t e a d  of  a t  the 
i n l e t  l i p  a s  i n  engines  A and B .  So, computat ional  convenience was 
s a c r i f i c e d  i n  engine  C i n  o rde r  t o  achieve  more accuracy.  A l s o ,  
engine C had a f l a p  i n  the i n l e t ,  which was designed t o  c o n t r o l  the 
a i r f l o w  e n t e r i n g  the engine.  It was assumed t h a t  r educ ing  the a i r -  
f low by some percentage  would reduce the o u t e r  compressor work by 
the same percentage .  

Compressor Map Desc r ip t ion  

Besides  the p h y s i c a l  d i f f e r e n c e s  o f  the engines ,  t h e y  a l l  used 
d i f f e r e n t  compressor maps. A l l  the compressor maps a r e  shown i n  
f igure 5. The convent iona l  compressor maps were der ived  from the 
gene ra l i zed  maps. 

The gene ra l i zed  o u t e r  compressor map of  engine A i s  shown i n  
f i g u r e  5 (a ) .  The des ign  p o i n t ,  the c i r c l e d  symbol, was chosen 
because of  i t s  high e f f i c i e n c y  and moderate surge margin. 
o f  f igure 5(a)  was a l s o  used for engine  B. The square  symboled 
des ign  p o i n t  of engine  B was chosen f o r  e x t r a  surge  margin a t  c r u i s e .  
This fo rced  the o u t e r  compressor of engine B t o  ope ra t e  i n  a low 
e f f i c i e n c y  r e g i o n .  Figure 5(b) shows the gene ra l i zed  o u t e r  compressor 
map of  engine C.  A d i f f e r e n t  des ign  approach f o r  t h i s  compressor 
y i e lded  c o r r e c t e d  speed l i n e s  t h a t  a r e  more rounded and n o t  a s  s t e e p  
a s  t hose  of  f igure  5 ( a ) .  The des ign  p o i n t  of  engine C,  the t r i a n g l e  
symbol, was chosen f o r  h i g h  e f f i c i e n c y  and moderate surge margins.  

The map 

The gene ra l i zed  i n n e r  compressor map used f o r  engines  A, B,  and 
C i s  shown i n  f i g u r e  5 ( c ) .  The c i r c l e d  p o i n t  corresponds t o  the 
des ign  p o i n t  f o r  engine A, squared p o i n t  i s  the des ign  p o i n t  of engine 
B, and the t r i a n g l e  p o i n t  i s  the des ign  p o i n t  f o r  engine C. These 
p o i n t s  were chosen f o r  the same reasons  mentinned f o r  choosing the 
des ign  p o i n t s  on the o u t e r  compressors of each engine.  Table I1 
summarizes some of  the a s p e c t s  of  des ign  p o i n t  l o c a t i o n  and compressor 
map type. 

For r e f e r e n c e ,  the a c t u a l  compressor maps of a l l  the engines  a r e  
p re sen ted  i n  f i g u r e s  S(d) th rough S ( i )  . Figures  S(d),  S(e) ,  and S ( f )  
a r e  the o u t e r  compressor maps of engines  A ,  B, and C, r e s p e c t i v e l y .  
F igures  5 (g) , 5 (h) , and 5 ( i )  a r e  the i n n e r  compressor maps of  engines  
A ,  B, and C,  r e s p e c t i v e l y .  

RESULTS AND D I S C U S S I O N  

Genera l ized  compressor maps were used t o  c a l c u l a t e  performance 
throughout  t h i s  s tudy .  
shown on ly  on the g e n e r a l i z e d  compressor maps. 

The r e s u l t i n g  equ i l ib r ium o p e r a t i n g  l i n e s  a r e  
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Performance of  Engine A 

The two g e n e r a l i z e d  compressor maps used f o r  engine A du r ing  
cruise a r e  shown i n  f i g u r e  6. These maps a r e  the same a s  t h e  maps i n  
f i g u r e s  5 (a) and 5 (c) . 
p r e s s o r s  du r ing  p a r t  power ope ra t ion ,  f i g u r e s  6(a)  and 6 (b ) .  A l l  
t h e  c a l c u l a t i o n s  a t  c r u i s e  assumed f i x e d  v a l u e s  of  nozz le  e x i t  a r e a s .  

The su rge  margin i s  adequate  f o r  b o t h  com- 

F igure  7 shows t u r b i n e - i n l e t  t empera ture  and n e t  t h r u s t  v e r s u s  
compressor speed a t  c r u i s e  cond i t ions .  Turb ine - in l e t  t empera ture  
dec reases  smoothly from i ts  des ign  va lue  and so  does n e t  t h r u s t  a s  
compressor speed i s  reduced. 
sor  speed, t h e  n e t  t h r u s t  is ze ro .  

A t  around 75 pe rcen t  of  des ign  compres- 

-1 S p e c i f i c  f u e l  consumption f o r  engine A is 0.95 hr a t  the des ign  
n e t  t h r u s t  of  400 pounds (181 kg) .  This i s  shown i n  f i g u r e  8. A s  
power i s  reduced, s p e c i f i c  f u e l  consumption i n c r e a s e s  i n  a normal 
manner- 

During sea  l e v e l  s t a t i c  ope ra t ion ,  some problems were uncovered. 
The problems r e l a t e d  t o  l a c k  of  su rge  margin and h i g h  equ i l ib r ium 
t u r b i n e - i n l e t  t empera tu res ,  To overcome t h e s e  problems, it was 
necessary  t o  va ry  nozz le  e x i t  a r e a s  a t  c e r t a i n  times. To e v a l u a t e  
t h e  most o p t i m i s t i c  case ,  i n l e t  p r e s s u r e  recovery  was assumed t o  be 

. 1 . 0  and nozz le  p r e s s u r e  l o s s  was assumed t o  be ze ro  a t  c e r t a i n  t imes .  
All of  t h e s e  assumptions a r e  noted  on t h e  a p p r o p r i a t e  f i g u r e s .  

One of  the g o a l s  of  t h e  sea  leve l  s t a t i c  c a l c u l a t i o n s  was t o  
achieve 1000 pounds (453 kg) n e t  t h r u s t  w i t h  exceeding a t u rb ine -  
i n l e t  t empera ture  of  1500O F (817O C) a t  des ign  compressor speed. 
Another g o a l  was t o  be a b l e  t o  o p e r a t e  the engine a t  i d l e  w i t h  suffi- 
c i e n t  su rge  margin and t u r b i n e - i n l e t  t empera ture  no h ighe r  t han  
1500° F (817' C ) .  I d l e  speed was assumed t o  be t h a t  speed a t  which 
n e t  t h r u s t  was 6 p e r c e n t  of  t h e  minimum a l lowable  t a k e o f f  t h r u s t ;  i . e . ,  
60 pounds (27 kg) .  

It was assumed t h a t  t h e  engine s t a r t e r  would t a k e  t h e  engine t o  
about 30 pe rcen t  of  des ign  compressor speed. From t h i s  p o i n t ,  t h e  
engine had t o  a c c e l e r a t e  t o  i d l e  speed. This ,meant  t h a t  the engine 
needed some su rge  margin a t  30 pe rcen t  of  des ign  compressor speed i n  
o rde r  t o  a c c e l e r a t e .  T h i s  was another  s ea  l e v e l  s t a t i c  g o a l  of  t h i s  
s tudy .  

The g e n e r a l i z e d  compressor maps of  engine A a r e  shown aga in  i n  
f i g u r e s  g(a)  and 9(b).  The p o i n t s  and l i n e s  corresponding t o  v a r i o u s  
v a l u e s  o f  secondary nozz le  exhaus t  a r ea  (A6 ) a r e  shown i n  f i g u r e  
9(a) ,  t h e  o u t e r  compressor map. 
sor  t o  move away from su rge .  Also shown i n  this figure is  the e f f e c t  
t h a t  improving i n l e t  p r e s s u r e  recovery  and secondary nozz le  p r e s s u r e  
l o s s  h a s  on surge margin. T h i s  i s  shown a t  A 6  = 160 p e r c e n t  ( t h e  
open symbols compared w i t h  the s o l i d  symbols).s  For t h i s  compressor 

Opening As: a u o w s  the o u t e r  compres- 
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a 

a t  s ea  l e v e l  s t a t i c ,  95 p e r c e n t  of  r e f e r e n c e  c o r r e c t e d  speed co r re -  
sponds t o  100 pe rcen t  of  des ign  r o t a t i o n a l  speed. 

The i n n e r  compressor map is  shown i n  f i g u r e  9 (b ) .  The effects  

Again, 95 pe rcen t  of  des ign  corgec ted  speed corresponds t o  
of  va ry ing  pr imary exhaus t - ex i t  a r e a  (A6 ) and a r e  shown i n  t h i s  
f i g u r e .  
100 p e r c e n t  o f  des ign  compressor speed. This i s  because the f a c e  of  
t h e  i n n e r  compressor has sea  l e v e l  s t a t i c  c o n d i t i o n s  s i n c e  t h e  o u t e r  
compressor i s  assumed t o  do no work on t h e  primary flow. 

i n  su rge  a s  ghown i n  f i g u r e  9. 
speed, t h e  o u t e r  compressor needs an AgS = 106 pe rcen t .  
compressor needs a t  l e a s t  an A6s =: 116 p e r c e n t  i f  A6 
pe rcen t  and su rge  i s  t o  be avoided. 
compressor speeds of  about  30 p e r c e n t  of  des ign  wi thout  h i t t i n g  surge ,  
t h i s  engine would have t o  have an A6 = 165 pe rcen t  and A6 = 264 
pe rcen t ,  f i g u r e  9 (b) . 
1.0 ( a s  shown i n  f i g .  1 a t  t h e s e  low a i r f lows)  and secondary nozz le  
p r e s s u r e  r a t i o  o f  1 .0 .  SO, t h i s  engine can r each  30 pe rcen t  compres- 
so r  speed wi th  some su rge  margin i f  i n l e t  p r e s s u r e  r ecove ry  i s  ve ry  
good and t h e  nozz le  p r e s s u r e  l o s s e s  a r e  kep t  t o  a minimum. 

With A6 and a t  t h e i r  des ign  va lues ,  bo th  compressors o p e r a t e  
I n  o rde r  t o  avoid surge  a t  des ign  

The i n n e r  
i s  h e l d  a t  100 

Actua l ly ,  i n  o d e r  t o  r e a c h  

T h i s  i s  with ?he i n l e t  p r e s s u r e  rea8very  of  

F igu res  lO(a) and lO(b) show t h e  e f f e c t  of  compressor speed and 
v a r i o u s  v a l u e s  of  A6 
t h r u s t .  With A6 = BOO percen t ,  A6, h a s  t o  be a t  l e a s t  130 pe rcen t  
t o  s t a y  wi th in  tRe 1500' F (817' C) t u r b i n e - i n l e t  t empera ture  l i m i t  
( f i g .  l O ( a ) ) .  This f i g u r e  shows t h e  tendency f o r  tempera ture  t o  in-  
c r e a s e  a s  speed i s  reduced.  The combination of  A6 = 165 pe rcen t  and 
A6 = 264 p e r c e n t  looks good from t h e  s t a n d p o i n t  gf t empera ture  a s  
wef l  a s  surge .  
t empera ture  should be about  1200' F (650' C), 

and A6, on t u r b i n e - i n l e t  t empera ture  and n e t  

A t  30 p e r c e n t  compressor speed, t h e  t u r b i n e  i n l e t  

Minimum t a k e o f f  t h r u s t  can be ob ta ined  a t  100 percen t  speed w i t h  
= 100 p e r c e n t  and AGs = 130 o r  160 p e r c e n t  (fig. lO(b)) - I d k  

t,"s,d would be a t  60 pe rcen t  compressor speed where the tempera ture  is 
1130O F (612' C) and t h e  t h r u s t  i s  60 pounds (27 kg).  This  a l lows  
$urge margin on bo th  compressors f o r  a c c e l e r a t i o n  ( f i g s .  9 (a)  and 
9Cb)) * 

Engine A w i l l  meet t h e  requi rements  of t h i s  s t u d y  if  t h e  c o s t  of  
v a r i a b l e  nozz le s  is n o t  t o o  g r e a t ,  bu t  it w i l l  have skimpy su rge  
margins a t  low compressor speeds.  By p i c k i n g  the des ign  p o i n t  f a r t h e r  
from su rge  t o  begin  w i t h ,  i t w a s h o p e d  t h a t  engine B would so lve  t h i s  
problem. 

Performance of  Engine B 

The des ign  p o i n t s  f o r  engine B a r e  shown.in f i g u r e  ll, r e p e a t e d  
from f i g u r e  5. The reason  f o r  s e l e c t i n g  such a low p o i n t  f o r  des ign  
i s  because engine A e x h i b i t e d  a l a c k  of  su rge  margin a t  s ea  l e v e l  



7 

s t a t i c  cond i t ions .  The l a r g e  su rge  margins fo rced  b o t h  compressors 
of  engine B t o  o p e r a t e  a t  lower levels  of e f f i c i e n c y  t h a n  engine A .  

A t  c r u i s e ,  on ly  des ign  p o i n t  c a l c u l a t i o n s  were made f o r  engine 
B.  For t h e  des ign  t u r b i n e - i n l e t  t empera ture  and d e s i  n n e t  t h r u s t ,  
the s p e c i f i c  f u e l  consumption of  engine B i s  1.13 hr- f . Trends i n  

w surge  margin, t u r b i n e - i n l e t  temperature ,  n e t  thrust ,  and s p e c i f i c  
f u e l  consumption f o r  engine B a r e  expected t o  be s i m i l a r  t o  t h o s e  of 
engine A a s  power i s  reduced du r ing  c r u i s e .  

c Sea leve l  s t a t i c  compressor o p e r a t i o n  i s  shown on t h e  g e n e r a l i z e d  
compressor maps of  engine  B, f i g u r e s  l l ( a )  and l l ( b ) .  The p o i n t s  and 
l i n e s  cor responding  t o  v a r i o u s  v a l u e s  of AgS a r e  shown i n  f i g u r e  l l ( a ) ,  
t h e  o u t e r  compressor map. For t h i s  compressor, 95 pe rcen t  c o r r e c t e d  
speed corresponds t o  100 pe rcen t  of des ign  speed. 

Main ta in ing  Afjs a t  100 percent  does n o t  f o r c e  t h e  o u t e r  compres- 
so r  of  engine  B i n t o  su rge  a s  w i t h  engine A .  So, lowering t h e  des ign  
p o i n t  d i d  h e l p  t h e  su rge  problem. But, a s  mentioned before ,  t h e  
des ign  p o i n t  s e l e c t e d  f o r  engine B f o r c e s  the o u t e r  compressor t o  
o p e r a t e  i n  a low compressor e f f i c i e n c y  r e g i o n .  

Opening t o  244 pe rcen t  appears  t o  a l low ample surge  margin 
f o r  the o u t e r  compressor a t  speeds of  30 pe rcen t ,  f i g u r e  l l ( a ) .  

margin e x i s t 8  a t  low and h i g h  inner  comgressor speeds a s  shown on t h e  
gene ra l i zed  inne r  compressor map of  engine B, f i g u r e  l l ( b )  . The 
sma l l  su rge  margin problem of engine A has. been e l imina ted  i n  engine  B ,  
However, t h e  t u r b i n e - i n l e t  t empera ture  problem h a s  been en larged  i n  
engine B a s  compared t o  engine A .  The e x t e n t  of  t h i s  problem is  
examined i n  t h e  next  f i g u r e .  

With A 6  of 244 pe rcen t ,  and an A6 of  100 pe rcen t ,  ample su rge  

F igures  12 (a )  and 12(b)  show t h e  effects of  compressor speed and 

I t  a l s o  shows the e f f e c t  of  o p e r a t i n g  i n  the p a z t s  of  a com- 
v a r i o u s  v a l u e s  of  AgS and A 6  on t u r b i n e - i n l e t  t empera tme  and n e t  
t h r u s t .  
p r e s s o r  map where t h e  e f f i c i e n c y  i s  poor.  Opening Afjs from 100 t o  
244 p e r c e n t  on ly  lowers  t h e  t u r b i n e - i n l e t  t empera ture  about 120' F 
( 6 7 O  C) a t  100 p e r c e n t  compressor speed ( f i g .  1 2 ( a ) ) .  This i s  because 
the work of t h e  o u t e r  compressor is n o t  f a l l i n g  o f f  v e r y  f a s t  a s  A g S  
i s  opened. T h i s  is due t o  r a p i d  d e t e r i o r a t i a n  of  a l r e a d y  poor 
e f f i c i e n c y .  
pe rcen t  i n  engine A, the tempera ture  f a l l s  o f f  500' F (278O C) ,  f i g u r e  
lO(a) . 

By comparison, a s  AgS i s  opened from 100 t o  j u s t  160 

Opening A 6  t o  100 p e r c e n t  and A 6  t o  244 pe rcen t  does al low 
engine B t o  develop t h e  minimum takeof?  thrust  w i t h  .the maximum allow- 
a b l e  tempera ture  a t  100 pe rcen t  compressor speed ( f i g .  12 ) .  So, t h i s  
engine is accep tab le  from t h i s  s t andpo in t .  I d l e  speed tu rned  o u t  t o  
be 56 pe rcen t  compressor speed. The t h r u s t  i s  100 pounds (45 kg),  a 
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l i t t l e  more than  the d e s i r e d  60 pounds (27 kg). This  i s  a r e s u l t  o f  

tempera ture  would exceed 1500' F(817O C ) .  
t empera ture  i s  370° F (206O C) h ighe r  t han  t h e  tempera ture  of  engine 
A a t  i d l e  speed. T h i s  i s  a r e s u l t  of  t h e  lower compressor e f f i c i e n c i e s  
and s l i g h t l y  h ighe r  compressor p r e s s u r e  r a t i o  encountered a t  low speed 
by engine B a s  compared t o  engine  A.  Both compressors of  engine B 
have ample surge  margin a t  i d l e  a s  shown i n  f i g u r e s  l l ( a )  and l l ( b ) .  

* n o t  want ing t o  go t o  lower compressor speeds because t u r b i n e - i n l e t  
T h i s  1500O F (817O C) 

Engine B does meet t h e  requi rements  necessa ry  b u t  h a s  some h igh  
. t u r b i n e - i n l e t  t empera ture  problems t h a t  a r e  marg ina l ly  accep tab le .  

But engine B does exhibi t  l a r g e r  surge  margins than  engine A .  From 
t h a t  s t andpo in t ,  it i s  bet ter  than  engine A .  From the t u r b i n e - i n l e t  
t empera ture  and c r u i s e  e f f i c i e n c y  p o i n t s  of  view, it is  worse. It 
is p o s s i b l e  t h a t  t h e  des ign  p o i n t  of  engine B was t o o  f a r  from surge .  
An engine w i t h  a des ign  p o i n t  somewhere between t h a t  of  engine A 
and engine B might be b e t t e r .  
engine  A and probably less tempera ture  problems than  engine B. 

It would show more surge  margin than  

A f a n  engine e x h i b i t i n g  a uniform p r e s s u r e  r ise a c r o s s  t h e  e n t i r e  
span of  t h e  o u t e r  compressor b l ades  was examined next .  Thus, compu- 
t a t i o n a l  convenience was s a c r i f i c e d  f o r  more accuracy.  Also ,  a new 
gene ra l i zed  o u t e r  compressor map was used i n  o rde r  t o  e v a l u a t e  the 
effect  of  d i f f e r e n t l y  shaped speed l i n e s .  

Performance of Engine C 

The des ign  p o i n t s  f o r  engine C a r e  shown i n  f i g u r e  13 a s  w e l l  a s  
f i g u r e s  5(b)  and 5 ( c ) .  The h igh  l e v e l s  of  e f f i c i e n c y  achieved by t h e  
cdmpressors of  engine C a long  w i t h  the moderate surge  margins, a r e  
s i m i l a r  t o  those  of  engine A .  But t h e  speed l i n e s  o f  t h e  o u t e r  compres- 
so r  o f  engine A tended t o  drop o f f  more sharp,Ly than  those  of  engine C. 
The shape of  t h e  speed l i n e s  had no n o t i c e a b l e  effect  an engine C 
dur ing  c r u i s e  s i n c e  on ly  des ign  p o i n t  c a l c u l a t i o n s  were made. 

Performance wi thout  i n l e t  blockage. - For the des ign  tempera ture  
and t h r u s t ,  t h e  s p e c i f i c  f u e l  consumption of  engine C is 0.961 hr-1 
a t  c r u i s e  cond i t ions .  Trends i n  the su rge  margin, t u r b i n e - i n l e t  
temperature ,  n e t  t h r u s t ,  and s p e c i f i c  f u e l  consumption of  engine C a r e  
expected t o  be s i m i l a r  t o  t h o s e  o f  engine A a s  power i s  reduced du r ing  
c r u i s e  

Sea leve l  s t a t i c  compressor o p e r a t i o n  is shown on the gene ra l i zed  
compressor maps o f  engine C, f i g u r e  13. The g e n e r a l i z e d  o u t e r  compres- 
s o r  map, f i g u r e  13 (a ) ,  is d i f f e r e n t  from t h e  gene ra l i zed  o u t e r  
compressor map of  engines  A and B. These d i f f .e rences  have been men- 
t i o n e d  before .  But a s  a r e s u l t  o f  t h e s e  d i f f e r e n c e s ,  opening A6s  
a long  a c o n s t a n t  speed l i n e s  does n o t  decrease  the o u t e r  compressor 
work i n  the map of f i g u r e  13(a)  a s  it d i d  f o r  engines  A and B u s i n g  
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the map of  f i g u r e  9 ( a ) .  
t h a t  t h e  speed l i n e s  a r e  n o t  s t e e p  enough. So, t h e  work c o n t r i b u t e d  
by p r e s s u r e  r a t i o  i s  n o t  f a l l i n g  o f f  a s  f a s t  a s  t h e  work c o n t r i b u t e d  
by t h e  a i r f l o w  is i n c r e a s i n g .  Therefore ,  opening A 6  w i l l  n o t  h e l p  
reduce  t u r b i n e - i n l e t  t empera ture  f o r  engine C a s  it 8 i d  wi th  engines  
A and B. This  compounds t h e  h igh  tempera ture  problems and i n d i c a t e s  
t h a t  a s  s t e e p  a speed- l ine  s l o p e  a s  o t h e r  engine c o n s i d e r a t i o n s  may 
al low should be designed i n t o  t h e  f a n  of these engines .  

The reason  t h a t  work does n o t  decrease  i s  

Shown i n  f i g u r e  13 (a )  a r e  s e v e r a l  p o i n t s  and l i n e s  corresponding 
t o  v a r i o u s  v a l u e s  of AGsB 
s t a t i c  a i r  a t  i t s  face ,  95 p e r c e p t  c o r r e c t e d  speed i s  t h e  same a s  100 
pe rcen t  compressor speed for engine C. 
p e r c e n t  w i l l  be d i scussed  l a t e r . )  

x Since  the o u t e r  compressor h a s  sea  l e v e l  

(The l i n e  l a b e l e d  A6s = 0 

The i n n e r  compressor map of engine C i s  shown i n  f i g u r e  13 (b) . 
P o i n t s  and l i n e s  of  c o n s t a n t  A6 
compressor c o r r e c t e d  speed l i n e g  do no t  correspond t o  o u t e r  compres- 

Th i s  i s  because t h e  o u t e r  
compressor causes  some change i n  t o t a l  t empera ture  t o  t h e  pr imary a i r  
pas s ing  through it. So, t h e  a i r  a t  s t a t i o n  2p i n  f i g u r e  4(b) i s  n o t  
a t  s ea  l e v e l  s t a t i c  cond i t ions .  

and AgS v a l u e s  a r e  shown. Inne r  

' so r  c o r r e c t e d  speed l i n e s  i n  t h i s  engine.  

S t a r t i n g  a t  about 96 pe rcen t  c o r r e c t e d  speed a t  t h e  p o i n t  l a b e l e d  
f i x e d  and opening A e p  = 100 percen t  and AgS = 106 pe rcen t ,  ho ld ing  A 6  

This i s  t h e  r e v e r s e  e f f e c t  t h a t  opening A6 
f i g u r e  9 ( b ) ,  f o r  example. So, f o r  engine f!, A e s  should be kept  a s  
near  100 pe rcen t  a s  s a f e  o u t e r  compressor surge  margin w i l l  a l low.  

t o  235 p e r c e n t  f o r c e s  t h e  compressor toward surge ( f i g .  13(b)). 
had on engines  A and B, 

Opening Afjp w i t h  a f i x e d  va lue  of  Afjs h a s  t h e  u s u a l  e f f e c t  of  
moving t h e  o p e r a t i n g  p o i n t  away from surge .  It appears  from figure 
13(b) t h a t  i n n e r  compressor speeds of  around 70 pe rcen t  can be obta ined  
b e f o r e  su rge  i s  i n t e r s e c t e d .  This could be done w i t h  A 6  = 180 per -  
cen t  and A b s  = 1 3 1  p e r c e n t .  Opening A 6  P l i t t l e  i n c r e a s e  i n  su rge  margin a t  t h i s  p o i n t ,  and opening A g S  would 
push t h e  i n n e r  compressor i n t o  surge .  If A6 could be c losed  some, 
t h i s  would h e l p  the i n n e r  compressor. But c f o s i n g  Ags i s  imposs ib le  
s i n c e ,  a t  about  70 pe rcen t  speed, a va lue  of  l e s s  t han  1 3 1 p e r c e n t  
p u t s  t h e  o u t e r  compressur i n  su rge  ( f i g .  1 3 ( a ) ) .  To g e t  t o  lower 
compressor speed, ano the r  v a r i a b l e  i s  necessary .  But be fo re  examining 
t h i s  o t h e r  v a r i a b l e ,  the performance of engine C from 100 p e r c e n t  t o  
70 p e r c e n t  compressor speed i s  shown i n  t h e  nex t  two f i g u r e s .  

any f a r t h e r  y ieyds  ve ry  

Performance f o r  engine C a t  100 p e r c e n t  compressor speed is shown 
i n  f i g u r e  14. I n  t h i s  f i g u r e ,  n e t  t h r u s t  is p l o t t e d  v e r s u s  tu rb ine -  
i n l e t  t empera ture  f o r  l i n e s  of  cons t an t  A 6  Two bounds a r e  
shown. 
l e v e l  s t a t i c  t h r u s t  r e q u i r e d  i n  t h i s  s tudy .  Only the s m a l l  upper l e f t  
p o r t i o n  of  t h e  curve remains w i t h i n  t h e  bounds. There a r e  s e v e r a l  
accep tab le  combinations of A(jp and A(js t h a t  w i l l  y i e l d  1000 pounds 

and A 6 s s  
One is t h e  tempera ture  l i m i t  and tRe o t h e r  is the minimum sea  
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(453 kg) ne t  t h r u s t  a t  t empera tures  e q u a l  t o  or less than  1500O F 
(817' C). One such  combination, which was d i scussed  i n  the p rev ious  
f i g u r e ,  i s  an A6 
p o i n t  t h a t  i s  acgep tab le  on f i g u r e  14 i s  A6 = 100 p e r c e n t  and A6s = 
106 p e r c e n t .  But w i t h  Afjs = 106 pe rcen t ,  
o p e r a t i n g  on t h e  su rge  l i n e  ( f i g .  13 ( a ) ) .  

= 140 p e r c e n t  and A6, = 131 p e r c e n t .  Another 

o u t e r  compressor i s  

The conclus ion  i s  t h a t  engine C w i l l  meet the t a k e o f f  r e q u i r e -  
ments of  t h i s  s tudy.  

T u r b i n e - i n l e t  t empera ture  and n e t  t h r u s t  f o r  engine C a r e  shown 
i n  f i g u r e  15 v e r s u s  compressor speed. The performance is examined 
only  t o  about  70 p e r c e n t  speed because of  the surge  problems shown 
i n  f i g u r e  13. Actua l ly ,  b o t h  compressors go i n t o  su rge  a t  about  t h e  
same speed. The t r e n d  f o r  t u r b i n e - i n l e t  t empera ture  t o  i n c r e a s e  
r a p i d l y  a s  compressor speed i s  reduced i s  shown i n  f i g u r e  1 5 ( a ) .  
This t r e n d  i s  so  sha rp  t h a t  none o f  t h e  o the rwise  accep tab le  combina- 
t i o n s  of  A6p and Ass can be used below about  80 pe rcen t  compressor 
spged. A t  speeds below 89 pe rcen t ,  t h e  tempera ture  l i m i t  i s  exceeded. 

The minimum t h r u s t  a t  80 pe rcen t  speed is about  500 pounds (227 kg) 
accord ing  t o  f i g u r e  1 5 ( b ) .  This amount of  t h r u s t  i s  t o o  much f o r  i d l e .  
So, engine C cannot i d l e  w i th  j u s t  v a r i a b l e  A6 and AgS wi thout  
f o r c i n g  one or bo th  compressors i n t o  su rge  and a t  t h e  same time 
exceeding the tempera ture  l i m i t .  

P 

Performance w i t h  i n l e t  blockage.- The s o l u t i o n  t o  these low com- 
p r e s s o r  speed problems may be t o  b lock  p a r t  of  t h e  i n l e t  f low and a t  
t h e  same time c l o s e  A6 . This means a l l  t h e  a i r  e n t e r i n g  t h e  i n l e t  
w i l l  have t o  go througg only  p a r t  of  t h e  o u t e r  compressor and then  
d i r e c t l y  t o  t h e  i n n e r  compressor. The engine then has a bypass r a t i o  
of ze ro  and it becomes a t u r b o j e t .  This  i n l e t  blockage c a d d  be 
completely v a r i a b l e  or j u s t  have one or more p r e s e t  p o s i t i o n .  
e i t h e r  case,  it i s  obvious t h a t  the a i r f l o w  of  t h e  i n n e r  and o u t e r  
compressors must be i d e n t i c a l  and the fo l lowing  equat ion  must ho ld .  

I n  

100% Blockage) 
100% CORW2p = CORWl 

where : 

CORW2p = c o r r e c t e d  a i r f l o w  of t h e  pr imary s t ream a t  
s t a t i o n  2. 

CORWl = c o r r e c t e d  a i r f l o w  of  the e n t i r e  s t ream a t  
s t a t i o n  1. 

P = t o t a l  p r e s s u r e  1 = s t a t i o n  1 

T = t o t a l  t empera ture  2 = s t a t i o n  2 
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Using t h i s  equa t ion  and s e l e c t i n g  v a r i o u s  percentages  of  blockage, 
f i g u r e  1 6  was c o n s t r u c t e d  f o r  t h e  compressors o f  engine C a t  74 per-  
c e n t  of  colnpressor des ign  speed. 
a c e r t a i n  p e r c e n t  of the i n l e t  a r e a  w i l l  a l s o  b lock  the same p e r c e n t  
o f  t h e  normal o u t e r  compressor a i r f l o w .  

This equa t ion  a umes t h a t  b lock ing  

Turb ine - in l e t  t empera ture  is p l o t t e d  v e r s u s  p e r c e n t  of  des ign  
i n l e t  bldckage f o r  l i n e s  of  c o n s t a n t  Afjp i n  f i g u r e  16. 
of  bo th  compressors a r e  noted  on the f i g u r e .  
with A 6  
The samg blockage with Afjp = 180 pe rcen t  lowers  t h e  tempera ture  t o  
about 700' F (372O C ) .  Both p o i n t s  a r e  away from t h e  surge  l i m i t s  
shown. A check of  f i g u r e s  13 (a )  and 13(b) a t  about 70 p e r c e n t  
c o r r e c t e d  speed w i l l  confirm t h i s .  A t  t h i s  speed, ample su rge  margin 
i s  a v a i l a b l e  f o r  the l i n e s  l a b e l e d  Aes = 0 pe rcen t  ( f i g .  13(a) )  and 
A(jp = 100 p e r c e n t  and 180 pe rcen t  w i th  A6s = 0 percen t  ( f i g .  1 3 ( b ) ) .  

compressor t h a t  would y i e l d  a s a t i s f a c t o r y  p o i n t  on the inne r  compressor 
with 87 p e r c e n t  blockage.  
13 (b ) ,  If the p o i n t  on t h e  o u t e r  compressor had been s e l e c t e d  c l o s e r  
t o  surge ,  t h e  i n n e r  compressor would have gone i n t o  su rge .  
p o i n t  on t h e  o u t e r  compressor had been s e l e c t e d  f u r t h e r  from surge ,  
a h ighe r  i n n e r  compressor c o r r e c t e d  a i r f l o w  would have been r e q u i r e d .  
This would have qu ick ly  fo rced  t h e  i n n e r  compressor down the c o r r e c t e d  
speed l ihe  t o  a p o i n t  where the pr imary nozz le  p r e s s u r e  r a t i o  approached 
1.0. 

Surge l i m i t s  
A blockage o f  87 pe rcen t  

= 100 p e r c e n t  y i e l d s  a tempera ture  of  about 750' F (399' C ) .  

A t  40 p e r c e n t  c o r r e c t e d  speed, a p o i n t  was s e l e c t e d  on t h e  o u t e r  

These p o i n t s  a r e  shown i n  f i g u r e s  13 (a )  and 

If t h e  

Some s i m i l a r  c o n s i d e r a t i o n s  determined t h e  p o i n t  near  80 pe rcen t  

But 
c o r r e c t e d  speed i n  f i g u r e s  13 (a) and 13 (b) . 
o p e r a t i n g  i n  a s t a b l e  r e g i o n  a t  t h i s  speed w i t h  Afjs = 0 p e r c e n t .  
w i t h  A6 
goes in!o su rge .  
f a v o r a b l e  i n n e r  s p o o l  ope ra t ion  could be achieved.  B u t  w i t h  blockage 
f i x e d  a t  87 pe rcen t ,  i n n e r  compressor su rge  does l i m i t  t h e  compressor 
speed range  t o  between 40 and 80 p e r c e n t .  
t o  complete t h e  curves s t a r t e d  i n  f i g u r e  15. 

The o u t e r  compressor i s  

* 100 o r  180 pe rcen t  and AgS = 0 percen t ,  the i n n e r  compressor 
If the blockage were reduced a t  this speed, a more 

This is  j u s t  enough range 

F igu res  17 (a )  apd 17(b) a r e  a r e p e a t  of  f i g u r e s  =(a)  and 15(b) 
from 80 t o  100 p e r c e n t  compressor speed. Below 80 p e r c e n t  speed, the 
performance shown is  f o r  engine C w i t h  the i n l e t  blocked 87 pe rcen t  
and the secondary nozz le  a r e a  s h u t  (AgS = 0 p e r c e n t ) .  

40 p e r c e n t  speed t o  about  700' F (372' C) a t  80 p e r c e n t  speed f o r  A(jp = 
100 pe rcen t  and AgS = 0 p e r c e n t  (f3g. 1 7 ( a ) ) .  
range, t h r u s t  i n c r e a s e s  from almost 0 pounds (0 kg) t o  about 100 pounds 
(45 kg) f o r  t h e  same Afjp and Afjs.  I d l e  i s  69 pe rcen t  compressor speed. 
The corresponding  tempera ture  i s  800' F (428' C ) .  
a l lows  good su rge  margins and tempera ture  margins f o r  a c c e l e r a t i o n .  

Turb ine - in l e t  t empera ture  v a r i e s  from about  1180,' F (581' C) a t  

Over the same speed 

The i d l e  speed 
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Somewhat g r e a t e r  blockage would a l low ope ra t ion  down t o  the 
d e s i r e d  30 p e r c e n t  speed. Less blockage would al low o p e r a t i o n  a t  
speeds above 80 p e r c e n t .  But 87 pe rcen t  blockage i s  s u f f i c i e n t  t o  
show t h a t  the engine can have surge  and tempera ture  margins f o r  
a c c e l e r a t i o n  from low speed t o  80 pe rcen t  speed. A t  about 80 per-  
c e n t  speed, t h e  blockage can be removed a s  A6 is  opened t o  1 3 1  
p e r c e n t .  If Asp is  opened t o  140 pe rcen t  a t  $his t i m e ,  t h e  engine 
w i l l  be o p e r a t i n g  a long  t h e  l i n e  l a b e l e d  A6p = 140 percen t  and 
131 p e r c e n t  i n  f i g u r e s  17(a)  and 17 (b ) .  Continued a c c e l e r a t i o n  
w i l l  cause the engine t o  r e a c h  des ign  speed where it w i l l  develop 
t h e  r e q u i r e d  t a k e o f f  t h r u s t  a t  a tempera ture  of  1300O F (704' C). 

= 

Actua l ly ,  t o  s a t i s f y  a l l  the c o n s t r a i n t s  of  engine a c c e l e r a t i o n ,  
t h e  blockage should be v a r i e d  from about  94 percen t  a t  30 p e r c e n t  
speed t o  70 p e r c e n t  a t  100 p e r c e n t  speed. This type  of  ope ra t ion  
would y i e l d  low tu rb ine -  i n l e t  t empera tures  and good su rge  margins 
over t h e  e n t i r e  compressor speed range .  A t  some speed around 90 
pe rcen t  of  des ign ,  t h e  blockage could be removed and normal engine 
o p e r a t i o n  could be cont inued.  

Other  than  making it more convenient  t o  do t h e  c a l c u l a t i o n ,  
swi t ch ing  from engine c o n f i g u r a t i o n  A ( f i g .  4 ( a ) )  t o  engine configura-  
t i o n  C ( f i g .  4Cb)) had l i t t l e  effect  on performance. Most of t h e  
problems of  engine C a r e  a r e s u l t  o f  t h e  o u t e r  compressor speed l i n e s  
be ing  rounded. 

Moreover, i n l e t  blockage need n o t  be r e s t r i c t e d  t o  engine C. 
Engines A and B would have showed lower t u r b i n e  i n l e t  t empera tures  
i f  t h e i r  i n l e t  had used some blockage. The b e s t  combination might 
have been the c o n f i g u r a t i o n  of  engine C, w i t h  the o u t e r  compressor 
map of  engine A and, p o s s i b l y ,  u s i n g  some i n l e t  blockage i f  needed. 

I n l e t  blockage,  a s  cons idered  i n  t h i s  s tudy ,  was an i d e a l i z e d  
s i t u a t i o n .  The a c t u a l  g a i n s  t o  be der ived  from p a r t i a l l y  b locking  
an i n l e t  may no t  be a s  g r e a t  a s  t h i s  s tudy  assumed. Experimental  tests 
w i l l  be r e q u i r e d  t o  v e r i f y  the p r e d i c t e d  effects of  i n l e t  blockage. 

CONCLUDING REMARKS 

A l i m i t e d  s tudy  was performed t h a t  e s t ima ted  t h e  o f f -des ign  per -  
formance of  t h r e e  geared tu rbofan  engines .  The engines  were s i z e d  a t  
the c r u i s e  c o n d i t i o n s  o f  Mach 0.65 and 25  000 fee t  (7600 meters), which 
c a l l e d  f o r  400 pounds (181 kg) n e t  t h r u s t  w i t h  a t u r b i n e - i n l e t  
t empera ture  of  1300O F (704O C), a bypass r a t i o  af 2.5, a f a n  p r e s s u r e  
r a t i o  of  1.3, and an o v e r a l l  compressor p r e s s u r e  r a t i o  of  6.0. The 
minimum a l lowab le  t a k e o f f  t h r u s t  was 1000 pounds w i t h  a maximum 
t u r b i n e  i n l e t  t empera ture  of  1500O F (817O C). The engines  were 
r e q u i r e d  t o  e x h i b i t  s t a b l e  e q u i l i b r i u m  o p e r a t i o n  w i t h i n  the s p e c i f i e d  
turbine tempera ture  l i m i t s  a s  compressor speed was reduced. A t  c r u i s e ,  
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compressor speeds from 100 p e r c e n t  t o  70 pe rcen t  were examined. A t  
s ea  l e v e l  s t a t i c ,  compressor speeds from 100 pe rcen t  t o  30 pe rcen t  
were examined. 

All three engines  examined i n  t h i s  s tudy  had some problem w i t h  
h igh  t u r b i n e - i n l e t  t empera ture  and/or l a c k  of  su rge  margin. 
problems occurred  a t  s ea  l e v e l  s t a t i c  c o n d i t i o n s  and were more severe 
a t  low than  a t  h i g h  r o t a t i o n a l  speeds.  Cru ise  c o n d i t i o n s  p re sen ted  
no problems. 

These 

To s o l v e  the problems a t  s e a  l e v e l  s t a t i c  cond i t ion ,  d i f f e r e n t  
compressor maps were t r i e d  a s  w e l l  a s  t h r e e  degrees  of v a r i a b l e  
geometry. These v a r i a b l e  geometry components were pr imary and 
secondary nozz le  exhaus t  a r e a  and i n l e t  a r e a ,  

Opening t h e  secondary nozz le  exhaus t  a r e a  always inc reased  t h e  
o u t e r  compressor surge  margin, Opening the secondary exhaus t  nozz le  
a l s o  reduced t h e  work of  t h e  o u t e r  compressor a s  long a s  the speed 
l i n e s  of  t h e  o u t e r  compressor were s t e e p  enough. This r e d u c t i o n  of 
compressor work reduced t h e  t u r b i n e  work and allowed lower t u r b i n e -  
i n l e t  t empera tu res  and g r e a t e r  su rge  margin for t h e  inner  compressor 
for any g iven  pr imary nozz le  a r e a .  

Opening the pr imary nozz le  a r e a  always reduced the t u r b i n e - i n l e t  
t empera ture  and inc reased  t h e  i n n e r  compressor surge  margin. I t  was 
necessary  t o  open bo th  nozz le s  i n  o rde r  t o  achieve  accep tab le  t u r b i n e -  
i n l e t  t empera tures  and su rge  margins a t  low compressor speeds du r ing  
sea  l eve l  s t a t i c  ope ra t ion .  

Another method f o r  r educ ing  o u t e r  compressor work and t h e r e f o r e  

This was done by p a r t i a l l y  b lock ing  the i n l e t .  
t u r b i n e - i n l e t  t empera tures  was t o  reduce t h e  f low of  a i r  t o  the o u t e r  
compressor. I t  was 
found t h a t ,  w i t h  the i n l e t  blocked 87 pe rcen t  and t h e  secondary 
nozz le  c losed  completely,  one of the o the rwise  unacceptable  engines  
opera ted  w i t h i n  the s p e c i f i e d  l i m i t s  between 40 and 80 p e r c e n t  
compressor speeds.  Above 80 p e r c e n t  speed, nozz le  a r e a s  were v a r i e d  
w i t h  the i n l e t  u n r e s t r i c t e d  t o  achieve  t h e  r e q u i r e d  t a k e o f f  performance. 

To o b t a i n  more su rge  margin du r ing  s e a  l e v e l  s t a t i c  o p e r a t i o n s ,  
one engine compromised c r u i s e  performance by a l lowing  a l a r g e  su rge  
margin a t  c r u i s e .  
s ea  l e v e l  s t a t i c , . m o r e  su rge  margin d id  result f o r  th i s  engine.  But 
t h e  compressor e f f i c i e n c i e s  were much lower t h a n  f o r  the o t h e r  engines .  
These low e f f i c i e n c i e s  r e s u l t e d  i n  t u r b i n e - i n l e t  t empera ture  problems 
f o r  t h i s  engine.  

When t h e  engine r o t a t i o n a l  speed was reduced a t  

It is  concluded t h a t :  

1. The su rge  and t u r b i n e  tempera ture  prahlems of  geared 
tu rbofan  engines  a t  s ea  l e v e l  s t a t i c  c o n d i t i o n s  are  
less s e v e r e  when t h e  f a n  is designed s o  t h a t  i t s  map 
has  s t e e p  cons t an t  speed l i n e s .  



2. 

3 .  

4. 

5, 

Lowering t h e  des ign  p o i n t  t o  achieve  more surge mar- 
g i n  may be a good i d e a  if t h e  p o i n t  i s  n o t  lowered so  
f a r  from su rge  t h a t  poor e f f i c i e n c y  causes  inc reased  
t u r b i n e - i n l e t  t empera ture  problems i n  of f -des ign  
ope ra t  i on .  

P a r t i a l l y  r e s t r i c t i n g  the i n l e t  a i r f l o w  w i l l  r educe  
the t u r b i n e - i n l e t  t empera ture  i f  it reduces  the f a n  
work. 

Some degree of  v a r i a b i l i t y  is needed i n  bo th  pr imary 
and secondary exhaus t  nozz le s  i n  o r d e r  t o  o p e r a t e  t h e  
engines  from 30 pe rcen t  t o  100 p e r c e n t  compressor 
speed and s t a y  w i t h i n  t h e  r e s t r i c t i o n s  of  su rge  and 
t u r b i n e - i n l e t  t empera ture .  

Good i n l e t  p r e s s u r e  recovery  r educes  t h e  p r o b a b i l i t y  
of  encounter ing  su rge  and h igh  t u r b i n e - i n l e t  tempera- 
t u r e s .  

Lewis Research Center,  
N a t i o n a l  Aeronaut ics  and Space Adminis t ra t ion ,  

Cleveland, Ohio, June 24, 1968, 
789-50-01-01-22 



15 

REFERENCES 

1. Esgar, J ack  B. ;  and Ziemer ,  Robert  R.: Methods f o r  Rapid 
Graph ica l  Evalua t ion  of  Cooled o r  Uncooled Turboje t  and Turbo- 
prop  Engine o r  Component Performance. NACA TN 3335, 1955. 

2 .  Mossman, Emmet A . ;  and Anderson, Warren E.: The Effect of 
Lip Shape on a Nose- In le t  I n s t a l l a t i o n  a t  Mach Numbers From 
0 t o  1 .5  and a Method for Optimizing Engine- In le t  Combina- 
t i o n s .  NACA RMA54B08, 1954. 

3. Dugan, James F., Jr.: Compressor and Turbine Matching. Aero- 
dynamic Design of Axial-Flow Compressors (Revised).  NASA SP- 
36, 1965, pp. 469-508. (Supersedes NACA RM E56B03b). 



1 6  

TABLE 1.- Design Po in t  Parameters  

(Mach 0.65 and 2 5  000 Fee t  (7600 Meters)) 

Engine Parameter 

I n l e t  t o t a l  p r e s s u r e  recovery,  P1/Po 

Outer compressor e f f i c i e n c y ,  T~~ 

Outer compressor p r e s s u r e  r a t i o ,  P2/P1 

Inne r  compressor e f f i c i e n c y ,  9 i c  
O v e r a l l  compressor p r e s s u r e  r a t i o ,  P3/P, . .  
Bypass r a t i o ,  BPR, Ws/wp 

Combustor t o t a l  p r e s s u r e  l o s s ,  
(1 - PLc/P3)100, pe rcen t  

Combustor e f f i c i e n c y ,  qcb 

Turbine i n l e t  temperature ,  OF ("C) 

Turbine e f f i c i e n c y ,  vt 
Primary nozz le  t o t a l  p r e s s u r e  l o s s ,  
[I-- ( P ~ / P ~ ) ~ ]  100, p e r c e n t  

[I- (p6/p2) 100, percen t  
Secondary nozz le  t o t a l  p r e s s u r e  l o s s ,  

lb/s e c (kg/s e c) 'a 3 
Engine a i r f l o w ,  

N e t  th rus t ,  FN, lbs .  (kilograms) 

1 S p e c i f i c  f u e l  consumption, SFC, hr- 

A 

1.0  

.85 

1.3 

.83 

6.0 

2.5 

6 

.98 

13 00 
(704) 

.85 

2 

2 

27.2 
(12.8) 

400 
(181) 

.95 

Engine 

B 

1.0 

-69 

1.3 

.776 

6.0 

2.5 

6 

.98 

13  00 
(704) 

.85 

2 

2 

33.0 
(14.95) 

400 
(181) 

1 .13 

C 

1.0  

.85 

1.3 

.83 

6.0 

2.5 

6 

98 

13 00 
(704) 

.85 

2 

2 

27.4 
(12.86) 

400 
(181) 

- 9 6 1  
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